ABSTRACT: Indian snakeroot (Rauvolfia serpentina) is a valuable forest product, root extracts of which are used as an antihypertensive drug. Increasing demand led to overharvesting in the wild. Control of international trade is hampered by the inability to identify root samples to the species level. We therefore evaluated the potential of molecular identification by searching for species-specific DNA polymorphisms. We found two species-specific indels in the rps16 intron region for R. serpentina. Our DNA barcoding method was tested for its specificity, reproducibility, sensitivity and stability. We included samples of various tissues and ages, which had been treated differently for preservation. DNA extractions were tested in a range of amplification settings and dilutions. Species-specific rps16 intron sequences were obtained from 79 herbarium accessions and one confiscated root, encompassing 39 different species. Our results demonstrate that molecular analysis provides new perspectives for forensic identification of Indian snakeroot.
CITES Appendix II list, as it is considered endangered by the International Union for Conservation of Nature (9) . To ensure a legal and sustainable trade of Indian Snakeroot, control of international trade is needed. Currently, this control is hampered by the lack of an unambiguous identification tool for Indian snakeroot (8) . Traditional identification keys in floras require flowers or fruits, and Indian snakeroot is mostly traded as sterile roots. Due to the difficulty of taxonomic identification of these roots, customs officials are able to capture only a small proportion of R. serpentina samples traded. Investigating the options for the development of species identification based on molecular characters is a major step forward to better control trade. Stimulated by the many ongoing DNA barcoding projects aiming to identify all living species and the huge drop in costs, molecular techniques have become more and more popular as an efficient instrument in applied sciences such as wildlife forensics. Identification by analyzing DNA of species illegally traded either as raw or processed material has recently been the aim of numerous investigations (10) (11) (12) (13) (14) (15) .
In this study, we aimed to identify sterile Indian snakeroot samples to the species level using DNA barcoding. To find DNA polymorphisms, we investigated the applicability of three fast-mutating chloroplast DNA regions (trnL-trnF intergenic spacer, rpl16 intron region, and rps16 intron region) to discriminate between R. serpentina and closely related species in the genus of Rauvolfia. Although, rbcL, matK, and trnH-psbA are proposed as the most informative markers for barcoding (16, 17) , we did not use these official plant Barcode of Life markers as they are too long to amplify DNA from confiscated dry root material using the standard primers. Furthermore, our aim was to distinguish R. serpentina from all other Rauvolfia species, regardless of the overall variation within the genus of Rauvolfia.
In this particular case, the specific markers chosen have several advantages above the Barcode of Life markers. First of all, the rps16 intron region has proven to be a fast-mutating region within the Apocynaceae, holding sufficient informative characters for species identification (18) (19) (20) (21) (22) . Second, with the sequence data of these markers already available in National Center for Biotechnology Information (NCBI) GenBank, we could use previously identified polymorphisms as a starting point for new primer design. Third, these markers are very short and therefore much more likely to amplify from highly degraded DNA extracted from traded root samples. We attempted to amplify our markers from the species of Rauvolfia most commonly traded (R. caffra, R. serpentina, R. tetraphylla, and R. vomitoria) (6, 8) and the species considered most closely related to R. serpentina based on morphology and distribution (R. cambodiana, R. beddomei, R. sumatrana, and R. verticillata) (1,7). These species names are most likely to be used to disguise the presence of R. serpentina in traded material, and DNA sequences of these species are most likely to resemble R. serpentina DNA.
As the use of a DNA barcoding technique in forensic cases requires a validation study, we investigated the reliability and reproducibility of the results obtained according to the guidelines of the Scientific Working Group on DNA Analysis Methods (SWGDAM).
Materials and Methods

Sample Collection and DNA Extraction
Leaves, and in a few cases roots, were collected from fertile and sterile herbarium specimens of different Rauvolfia species deposited at the Leiden and Wageningen branches of Netherlands Centre for Biodiversity Naturalis -National Herbarium of The Netherlands. All specimens were identified to the species level by Apocynaceae specialists Toon Leeuwenberg or Jan Wieringa. Several specimens (including types) of recently described new species were also sampled. In addition, a root sample supplied by the Dutch Customs Laboratory was analyzed (Table 1) .
DNA extraction from leaves and roots was done using the Plant Mini Tissue Kit (Qiagen GmbH, Hilden, Germany) for herbarium dried-leaf material and a separate protocol using silica adsorption for the root material (23) . Between 10 and 30 mg of leaf tissue was ground using a Retsch mill (Retsch GmbH, Haan, Germany). These samples were further processed according to the manufacturer's protocol of the Plant Mini Tissue Kit. About 20 mg of root tissue was ground to saw dust by firmly moving roots up and down against an iron grater. These samples were further processed using a separate protocol based on silica adsorption developed by Rohland and Hofreiter (23) .
To avoid the risk of contamination with more concentrated herbarium-derived DNA, all extractions of roots were carried out in the ancient DNA facility of Leiden University following established protocols (24) . As a control for possible contamination of the DNA extracted, part of the root samples was not only processed in Leiden, but also in the molecular laboratory of the Dutch Customs Laboratory in Amsterdam. In this way, replicate DNA sequences were obtained in physically separated laboratories from all root samples analyzed to confirm their authenticity.
PCR and DNA Sequencing
For primer design, initial DNA alignments were made using BioEdit Sequence Alignment Editor (version 7.0.9.0; Ibis Biosciences, An Abbott Company, Carlsbad, CA) using Rauvolfia sequences already available in NCBI GenBank. For the trnL-trnF intergenic spacer, published data of R. serpentina (AF214261 and AF214260), and R. balansae (AF214259) were used. For the rpl16 intron, published data of R. sellowii (DQ660796) and R. vomitoria (DQ660797) were used. For the rps16 intron, we used published data of R. vomitoria (DQ660607), R. sellowii (DQ660606), R. verticillata (AB364600), R. sumatrana (AB364599), and R. serpentina (AB 364598). Neither the trnF intergenic spacer nor the rpL16 intron region provided enough information to develop a marker for R. serpenina, therefore, these gene regions were not further investigated. In contrast, the rps16 alignment showed two indels that were unique for R. serpentina: one deletion of 13 base pairs (bp) starting at position 476 and one insertion of 8 bp starting at position 730 of rps16 NCBI GenBank accession AB364599 (R. sumatrana). To investigate the usefulness of these indels for the development of a DNA marker for Indian snakeroot, we designed primers using Primer3 software (25) to amplify small fragments containing these mutations (Table 2) . We tested these primers on an extended sampling of Rauvolfia species (Table 1 ) from both leaves and root samples. We examined samples of different age and different chemical treatments. Of several individuals from root and leaf, we also tested DNA dilution series and variable reaction mixes and reaction conditions (see further details below).
Standard Amplification Procedure
The standard polymerase chain reactions (PCRs) were carried out on a PTC 200 DNA engine (MJ Research, St. Bruno, Canada) in a 25-lL volume containing c. 5 ng of genomic DNA, 0.1 lM of each primer, 100 lM of each dNTP (Bioline, Londen, UK), Qiagen PCR buffer (50 mM KCl, 10 mM TRIS-HCl, pH 8.7, 1.5 mM MgCl 2 ), 1.5 mM MgCl 2 extra, 0.3 mg/mL BSA (Promega Corporation, Madison, WI), and 1 unit of Taq DNA polymerase (Qiagen). Positive and negative controls were included simultaneously in all the amplifications to check for contamination. The thermal cycling profile started with a 5-min denaturation step at 95°C, followed by 40 cycles of 20-sec denaturation at 94°C, 20-sec annealing at 51°C, and 20-sec elongation at 72°C, with a final extension step of 5 min at 72°C. The PCR products were purified using the Wizard SV and PCR Clean-up systems (Promega). DNA sequencing was done using a 96-capillary 3730xl DNA Analyzer automated sequencer 3730XL (Applied Biosystems, Inc., Foster City, CA) using standard dye-terminator chemistry (Macrogen Inc., Seoul, Korea).
Calculation of Genetic Similarity
Calculation of percentage of similarity of the rps16 intron DNA sequences retrieved was done by generating Kimura 2-parameter (K2P) distance matrices for both the del-13-bp and ins-8-bp regions as implemented in PAUP* version 4.0b10 (Sinauer Associates, Sunderland, MA).
Validation of DNA Barcoding Method
The specificity of the technique for barcoding Indian snakeroot was checked by including DNA samples of R. serpentina (n = 6) collected across a wide geographical range. Further cross-species amplification was checked with 38 other Rauvolfia species (Table 1) . To check the tissue specificity of the technique, DNA in the validation study was extracted from both leaves and roots of R. serpentina. The sensitivity of the method was evaluated by performing PCR reactions using a range of DNA concentrations (from 0.1 to 50 ng/lL) of R. serpentina. Degraded DNA from dried root samples was also included in the validation study to investigate whether the technique could be used for forensic purposes. The effect of chemicals on the used samples was included by extracting, amplifying, and sequencing DNA from herbarium samples, previously sprayed with mercuric chloride or methyl bromide to prevent damage by insect pests, or sprayed with ethanol prior to drying as a preservation method ("Schweinfurth"). Robustness of the PCR was tested by varying the MgCl 2 concentration (1.0-5.0 mM), annealing temperature (AE3°C), and DNA Taq polymerases.
Results
Inter-and Intraspecific Variation
After sequence comparison of three genomic regions (trnL-trnF intergenic spacer, rpl16 intron, and rps16 intron) of a limited number of Rauvolfia species, it was discovered that the rps16 intron provided most variation at the species level. Therefore, we decided to develop a marker for species identification and sample for this genetic locus only. Clearest informative characters distinguishing R. serpentina from the other Rauvolfia species turned out to be two indels. The first one consisted of a deletion of 9 bp, that changed to 13 bp after the inclusion of more sequences in the alignment, and the second one was an insertion of 8 bp. Using newly designed primers, we amplified these two areas. For R. serpentina, they had the characteristic size of 137 bp and of 177 bp, respectively. Size for these fragments from the other samples ranged from 146 bp (R. biauriculata, R. leptophylla, R. mombasiana, R. nana, and R. verticillata) to 160 bp (R. littoralis) and from 156 bp (R. mannii) to 176 bp (R. tetraphylla), respectively. As compared with the full rps16 intron, less than 1% of sequence divergence was omitted when samples were compared for the smaller del-13-bp and ins-8-bp fragments. Internal primers were then designed (Table 2) , and PCR reactions were carried out with these on a total of 80 DNA extractions. Amplification and subsequent sequencing of only five of 160 (3%) reactions failed.
Degree of sequence divergence between the different Rauvolfia species analyzed was much smaller in the del-13-bp region as compared with the ins-8-bp region of the rps16 intron sequenced and ranged up to 0.08 (R. verticillata and R. polyphylla). In both data sets, all R. serpentina individuals had identifiable sequences and could therefore be characterized by the described species-specific mutations. In contrast with R. serpentina, several other Rauvolfia species showed intraspecific variation ranging from 0.02 (R. mollis and R. sprucei) up to 0.03 (R. gracilis). 
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Validation of DNA Barcoding Method
Species specificity of the rps16 intron turned out to be high as unique sequences were obtained for all R. serpentina samples analyzed. Although DNA extracted from dried roots yielded more degraded DNA as compared with the DNA obtained from leaf samples, PCR amplification, and DNA sequencing was still successful, even after DNA samples were serially diluted. Even though samples treated with various chemicals yielded highly degraded DNA, nevertheless, DNA barcoding proved efficient even for these samples. According to SWGDAM, a validation study including a PCR-based procedure must demonstrate the effect of MgCl 2 and other thermocycling parameters. It was found that the PCR stayed specific in amplifications with 1.0 mM to 5.0 mM MgCl 2 concentrations. Specific amplifications were also obtained using annealing temperatures up to 3°C below and 3°C above the optimal annealing temperature of 51°C. There was no effect in changing the cycle number on the results obtained, and different DNA Taq polymerases produced similar results (data not shown). Altogether, the PCR reaction appeared to be very robust. All PCR products obtained in the validation study were sequenced and aligned with positive controls of R. serpentina and were 100% similar in the DNA sequence alignments.
Identification of Confiscated Sample
Of the 39 different Rauvolfia species analyzed, only the R. serpentina samples contained both a 13-bp deletion and an 8-bp insertion. In this data set, these mutations appeared to be specific for R. serpentina (Figs 1 and 2) . The same mutations were also found in the DNA sequences derived from the confiscated Indian snakeroot sample and root samples taken from fertile herbarium samples that had been identified to species level by Dr. Toon Leeuwenberg, indicating that the confiscated root was indeed derived from R. serpentina. Completely identical sequences were found in these same samples processed in the molecular laboratory of the Dutch Customs Laboratory.
Discussion
All five root samples (four herbarium samples and one confiscated sample) tested and analyzed could be identified to species level by only sequencing parts of the rps16 intron region. Although it is essential to add more Rauvolfia species to our rps16 sequence database, we have demonstrated by the inclusion of the most closely related species that the rps16 intron contains unique indels at the species level for R. serpentina. Woodson et al.
(1) also suggest that R. perakensis King & Gamble and R. confertiflora Pichon are closely related to R. serpentina, but these species are nowadays considered synonyms of R. verticillata (Lour.) Baill and R. media Pichon, respectively (5), both of which have been included in this study. As none of the related species studied show the species-specific deletion or insertion, we consider it very likely that both indels are unique for R. serpentina. To exclude any possible misidentifications as much as possible, we advice the use of both rps16 regions in testing. We would also like to stress the importance of using well-identified specimens to produce a good reference data set. The length of the rps16 intron fragments containing the putatively unique deletion and insertion amplified with our newly designed primers is relatively short: 137 and 177 bp, respectively.
FIG. 3--Alignment of part of the rps16 intron del-13-bp region.
It should therefore be possible to amplify highly degraded DNA. Results obtained from our four root samples indicate the applicability of these markers even for material collected up to 115 years ago. Decreasing the fragment lengths even further by designing new standard primers seems feasible when the extracted DNA is still too degraded to amplify.
For unambiguous identification of Indian snakeroot, the specific indels for R. serpentina in the rps16 intron described in this study FIG . 4--Alignment of a part of the rps16 intron ins-8-bp region.
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(Figs 3 and 4) appear to be both unique and interpretable in only a single way. In this perspective, DNA analysis is the most straightforward method to identify traded snakeroot samples.
According to Woodson et al. (1) anatomical characters such as broad rays and a very starchy xylem and phloem are highly specific for R. serpentina. As these authors screened 24 species, we think that wood anatomy could be an additional useful tool for species identification of traded roots as well. However, root anatomical variation within the genus remains underinvestigated and roots are only sporadically present in herbarium collections. In addition, wood anatomy requires an expertise that is probably lacking in an ordinary customs laboratory. According to Woodson et al. (1) , chemical data of Rauvolfia species such as alkaloid composition also seem to be highly species specific. We therefore think that mass spectrometry could be considered for further investigation as an additional identification tool for traded Rauvolfia roots. On both techniques, wood anatomy and mass spectrometry, we performed a preliminary inquiry on several herbarium samples and the confiscated root sample. The results of these pilot studies support the findings of our molecular barcoding study (data not shown).
The validation study carried out shows that the primers developed here are effective for the amplification of forensic samples as they work with very low quantities of template DNA, amplify DNA of samples exposed to various chemicals and from highly degraded tissue such as dried roots. Finally, our DNA barcoding method succeeded to reveal the taxonomic identity of a sterile confiscated root sample. We therefore recommend applying this method in forensic identification of confiscated Indian snakeroot samples in law enforcement to improve conservation of this endangered plant species.
